[1] Fluid flow through the axial hydrothermal system at fast spreading ridges is investigated using the Srisotopic composition of upper crustal samples recovered from a tectonic window at Pito Deep (NE Easter microplate). Samples from the sheeted dike complex collected away from macroscopic evidence of channelized fluid flow, such as faults and centimeter-scale hydrothermal veins, show a range of 87 Sr with depth in the sheeted dike complex. Comparison of these new data with the two other localities that similar data sets exist for (ODP Hole 504B and the Hess Deep tectonic window) reveals that the extent of Sr-isotope exchange is similar in all of these locations. Models that assume that fluid-rock reaction occurs during one-dimensional (recharge) flow lead to significant decreases in the predicted extent of isotopic modification of the rock with depth in the crust. These model results show systematic misfits when compared with the data that can only be avoided if the fluid flow is assumed to be focused in isolated channels with very slow fluid-rock exchange. In this scenario the fluid at the base of the crust is little modified in 87 Sr/ 86 Sr from seawater and thus unlike vent fluids. Additionally, this model predicts that some rocks should show no change from the fresh-rock 87 Sr/ 86 Sr, but this is not observed. Alternatively, models in which fluid-rock reaction occurs during upflow (discharge) as well as downflow, or in which fluids are recirculated within the hydrothermal system, can reproduce the observed lack of variation in 87 Sr/ 86 Sr with depth in the crust. Minimum time-integrated fluid fluxes, calculated from mass balance, are between 1.5 and 2.6 Â 10 6 kg m À2 for all areas studied to date. However, new evidence from both the rocks and a compilation of vent fluid compositions demonstrates that some Sr is leached from the crust. Because this leaching lowers the fluid 87 Sr/ 86 Sr without changing the rock 87 Sr/ 86 Sr, these mass balance models must underestimate the time-integrated fluid flux. Additionally, these values do not account for fluid flow that is channelized within the crust.
Introduction
[2] Hydrothermal circulation at mid-ocean ridges plays a critical role in controlling the composition of the world's oceans, provides the energy and nutrients for extremophile organisms and generates ore deposits that can be of economic importance. Understanding the hydrothermal modification of the bulk composition of the crust is also important for quantifying the chemical inputs into subduction zones and recycling within the mantle [e.g., Hofmann and White, 1982] . However, our understanding of the subsurface processes operating in ridge axis hydrothermal systems is limited.
[3] At intermediate to fast spreading ridges, where the crustal structure is relatively simple, cold seawater migrates downward through the lava pile and sheeted dike complex and is heated and chemically modified through mineral precipitation and reaction with the crust as it goes. Eventually the chemically modified hot hydrothermal fluid discharges upward and exits the crust, either at focused vents or more diffusely after mixing with cooler pore fluids. It is widely believed that the main modification of the mineralogy and composition of the sheeted dike complex occurs within the recharge portion of the system [e.g., Alt, 1995; Teagle et al., 2003] with discharge being focused into small areas. The total fluid mass that passes through these systems, and the heat and chemical fluxes carried by the fluid, are poorly constrained. Additionally the extent of variability in these parameters is unclear. For example does the fluid flux depend on spreading rate or does it vary temporally at any given location? One way to better understand these systems is through the study of samples of the oceanic crust.
[4] Much previous study has concentrated on the record of hydrothermal circulation in rocks recovered by deep drilling, especially the core recovered from ODP Hole 504B [e.g., Alt et al., 1996b; Laverne et al., 2001; Teagle et al., 1998a Teagle et al., , 1998b Teagle et al., , 2003 Bach et al., 2003] . However, drill cores provide a largely one-dimensional view of the axial hydrothermal system and reveal little about the spatial variability of these systems. Studies of a tectonic exposure of the upper ocean crust at Hess Deep [Gillis, 1995; Gillis et al., 2001] , and of on land exposures of oceanic crust formed at abnormal spreading centers (ophiolites [e.g., Schiffman et al., 1987] ), have demonstrated the importance of threedimensional variability in hydrothermal systems. The approach used here to understand the processes operating in axial hydrothermal systems is to study a ''tectonic window'' at Pito Deep, in the southern Pacific. The crust has been dissected by faulting forming a ''tectonic window'' where laterally continuous upper crustal exposures allow the spatial and temporal variability in fluid flow to be investigated. Additionally, comparison of the hydrothermal fluxes through the sheeted dike complex at Pito Deep with those calculated from studies of previous crustal sections (ODP Hole 504B, Hess Deep) allows the global variability in hydrothermal fluxes to be investigated.
Sr Isotope Exchange
[5] The strontium isotopic composition of the oceanic crust currently provides arguably the most quantitative information about the amount of hydrothermal fluid that the crust has reacted with. This is in part due to the contrast in 87 Sr/ 86 Sr between fresh ocean crust (Sr $ 100 ppm; 87 Sr/ 86 Sr $ 0.7024 -0.7025; PETDB: http://www.petdb.org) and seawater (Sr $ 8 ppm, 87 Sr/ 86 Sr $ 0.7091 [Hess et al., 1986] ). Additionally, the mobility of Sr in the presence of fluid at greenschist facies conditions promotes isotopic exchange between the hydrothermal fluid and rock it encounters. As discussed in more detail later, this means that the modification of the 87 Sr/ 86 Sr of the ocean crust allows the extent and variability of interaction between the fluid and crust to be assessed [e.g., Bickle and Teagle, 1992; Bickle et al., 1998; Davis et al., 2003; Bach et al., 2003; Teagle et al., 2003; Gillis et al., 2005] . Likewise, the 87 Sr/ 86 Sr of hydrothermal fluids venting from the crust provide insight into the amount of rock that the fluid has reacted with. At intermediate to fast spreading ridges the mean 87 Sr/
86
Sr of vent fluids is 0.7038 [Bach and Humphris, 1999 ; Von Damm, 1990 Damm, , 1995 Palmer, 1992; Palmer and Edmond, 1989; Merlivat et al., 1987; Hinkley and Tatsumoto, 1987; Piepgras and Wasserburg, 1985; Albarède et al., 1981] . These fluid isotopic compositions can be used to calculate the amount of rock that the fluid reacted with but, as shown by Berndt et al. [1988] , these calculations suffer considerable uncertainty in the absence of constraints from the composition of the rocks.
[6] Here we use the 87 Sr/ 86 Sr of a suite of samples recovered on a recent cruise to Pito Deep, together with supporting petrography and major and trace element analyses, to investigate the scale of variability in the extent of pervasive hydrothermal fluid flow at intermediate to fast spreading ridge axes. We focus on the alteration of the sheeted dike complex because this is the unit in which there is evidence for high-temperature alteration at conditions similar to those required to produce fluids with the compositions observed at hydrothermal vents [e.g., Seyfried, 1987; Alt, 1995; Gillis et al., 2001] . We show that the extent of Sr-isotopic exchange between the crust and hydrothermal fluids is very similar in all areas studied at intermediate to fast spreading ridges and requires a minimum of 1.5 to 2.6 Â 10 6 kg m À2 of fluid to circulate through the crust. Additionally we suggest that the lack of variation in 87 Sr/ 86 Sr with depth in the crust is inconsistent with exchange of Sr between the fluid and rock occurring only during recharge and instead that reaction during discharge is required by the data. [7] In this study we focus on ''pervasive'' fluid flow through the sheeted dike complex. We use this term to represent the fluid flow that leads to alteration that is relatively homogeneously distributed within the sheeted dike complex and contrasts with the alteration associated with focused fluid flow. The latter is generally associated with fluid flow in fault zones and mineralized veins that are tens of millimeters wide and is the subject of an ongoing study (A. K. Barker et al., manuscript in preparation, 2008) . We consider this to be a logical division because this probably reflects two different permeability systems within the axial hydrothermal system, although, there must be a broad continuum between the two. We use the somewhat arbitrary definition that samples are associated with focused fluid flow if dive footage shows them to be within 2 m of a fault, breccia zone or regions of extensive hydrothermal veining at the sampling location on the seafloor. Additionally, samples containing veins !5 mm wide are also considered to have been associated with focused fluid flow. All other samples are assumed to have been exposed only to pervasive fluid flow. On the basis of these criteria 53 samples were chosen for this study to represent the pervasive hydrothermal fluid flow at Pito Deep.
Defining Pervasive Fluid Flow
[8] An important aspect of this study is the comparison of the samples recovered from Pito Deep with those from other areas, hence it is important to note the differences in sampling strategy in the different study areas. The most comparable sample suite is that from Hess Deep [Gillis et al., 2005] . Although these authors did not stringently filter their samples to avoid any from near fault zones they did not analyze samples from directly within fault zones. In contrast, samples from the full range of extent of deformation and alteration from ODP Hole 504B have been analyzed [Alt et al., 1996b] . Further comparison between these different study areas is given in Table 1 .
Geological Background
[9] Pito Deep is located at the northeast corner of the Easter microplate ( Figure 1a ) [Francheteau et al., 1988] , where a tectonic window exposes $3 Ma old ocean crust formed at a fast spreading ridge at a full spreading rate of 142 mm/a [Hey et al., 1995] . Rifting and rotation at the north edge of the Easter microplate faulted and exposed the ocean crust at Pito Deep within the last million years [Hey et al., 2002] . During cruise AT11-23 of the R/V Atlantis in February 2005 to Pito Deep, two escarpments were sampled by the ROV Jason II and the Alvin submersible by prizing samples from outcrop leading to in situ sampling of multiple densely sampled dive transects (Figure 1 ). These two escarpments are referred to as Areas A and B; the former is located west of the latter. Volcanic rocks make up the upper 300 -500 m of each crustal section and are underlain by 650-1100 m of sheeted dikes [Heft et al., 2008; Karson and Pito Deep Shipboard Scientific Party, 2005] . The base of the sheeted dike complex is only exposed in Area B where $900 m of gabbros are exposed [Perk et al., 2007] . The escarpments trend perpendicular to the strike of the dikes providing a crosssection through the crust [Hey et al., 2002; Karson and Pito Deep Shipboard Scientific Party, 2005] .
[10] Samples for this study were selected to provide as complete a vertical profile through the upper ocean crust as possible. In Area A, three adjacent and overlapping dives provided lateral coverage of $500 m and a depth range of $1000 m; the sample density in the lower 200 m of dives J2-119-1 and J2-119-2 was restricted by the occurrence of faulting and macroscopic veining ( Figure 1a) . In Area B, five adjacent and overlapping dives provided lateral coverage of $1000 m at near-constant depth between 100 and 400 m below the lava-dike transition and a depth range of $1300 m. There is a gap in sampling between 450 and 1050 m in Area B J2-123-4 due to talus concealing the exposure (Figure 1b ) [Karson and Pito Deep Shipboard Scientific Party, 2005] . An important datum for this study is the lava-dike transition, which is defined here as the depth of the deepest lava in each dive transect and data are plotted with depths relative to this transition in all figures.
Analytical Methods
[11] Weathered edges and alteration haloes were removed from the samples prior to jaw crushing; subsequently samples were ground in an agate mill. Trace element analyses were performed on whole rock powders, 100 mg of sample was digested with HF-HNO 3 and 8N HNO 3 , and diluted by a factor of 1:1000 in 2% HNO 3 solution. Trace elements were analyzed using a Thermo X Series II inductively coupled plasma mass spectrometry (ICP-MS) following the approach of Eggins et al. [1997] at the University of Victoria. BIR-1 was routinely measured to monitor for drift, and DNC-1, W2-A, BCR-2, BHVO-2 rock standards were analyzed for calibration at the start and end of analytical sessions (auxiliary material 1 Data Set S1).
[ [Perk et al., 2007; Coogan et al., 2002; Francheteau et al., 1990] . Plagioclase separates were leached in hot 6N HCl for 30 min prior to digestion. Strontium was separated by standard cation exchange techniques [Weis et al., 2006] and measured using a Triton thermal ionization mass spectrometry at the Pacific Centre for Isotopic and Geochemical Research, University of British Columbia. The NBS 987 standard gave 87 Sr/ 86 Sr of 0.710251 ± 0.000017 (2 s.d., n = 26), the maximum difference between duplicates was ±0.000022 with an average reproducibility Sr of 0.70245 (n = 3 [Verma and Schilling, 1982; Schilling et al., 2003] Alt et al. [1996a Alt et al. [ , 1996b , Hékinian et al. [1996] , Hilgen et al. [1995] , Lonsdale [1988] , Martinez et al. [1991] , Hey et al. [1977] .
b Anorthite content of plagioclase feldspar (An = Ca/[Ca + Na] molar).
±0.000012 (±8, 1 s.d.), the Sr blank measured over the course of the study was 13 pg. ±minor Fe-oxides and rare secondary clinopyroxene. Amphibole and chlorite often occur together in the groundmass. In general the alteration assemblages are dominated by amphibole (auxiliary material Data Set S1) [Heft et al., 2008] . Similar alteration to amphibole-dominated assemblages is observed in the sheeted dikes from ODP Hole 504B with chlorite dominated assemblages concentrating in the upper 400 m of the sheeted dike complex [Laverne et al., 1995 [Laverne et al., , 2001 Vanko et al., 1996; Alt et al., 1989 Alt et al., , 1996b , whereas sheeted dikes from Hess Deep show more variability in alteration assemblages with a greater occurrence of chlorite dominated (57%) than amphibole dominated assemblages (43%, n = 26) in samples with Sr isotope data [Gillis et al., 2005] .
[14] Samples exhibit patches of contrasting alteration, which tend toward chlorite-dominated assemblages. Patches are typically 1-2 mm in diameter and are composed of chlorite, ±plagio-clase, ±quartz, ±sulphides, ±epidote, ±amphibole. A patch bearing sample typically hosts a single patch. Patches are more prevalent in Area A with 20% of samples hosting patches as opposed to 15% in Area B (n = 20 and 33, respectively). Veins are common in thin section with 50% of the samples hosting from one to ten veins of 0.015 mm to 0.7 mm width. Vein mineralogy includes amphibole, chlorite, quartz, epidote and sulphides. Epidote most commonly occurs in association with patches or veins but also occurs as an alteration product of plagioclase away from patches and veins. Thin veins $1 mm wide visible in hand specimen are more abundant in Area B, which hosts veins in 58% of samples whereas Area A hosts veins in 45% of samples (n = 33 and 20, respectively).
[15] The extent of alteration in samples from Pito Deep was visually estimated from the modal proportion of secondary minerals. There is a wide petrographic range in the extent of total alteration at Pito Deep from <10 to >85% [Heft et al., 2008;  this study]. Areas A and B show similar extents of total alteration averaging 34% (±17, 1 s.d.). Clinopyroxene is similarly altered between <10 and >95%, with an average of 33% (±22, 1 s.d.). Heft et al. [2008] show that there are no systematic spatial trends in alteration assemblages and that degree of alteration and amphibole abundance do not correlate with depth.
Protolith Composition
[16] The dikes and lavas at the Pito Deep are typical moderately fractionated N-MORB [Hékinian et al., 1996; Heft et al., 2008;  [Mahoney et al., 1994] . On the basis of these data we assume a range of initial (i.e., magmatic) 87 Sr/ [Bach et al., 2003; Teagle et al., 1998a Teagle et al., , 1998b Alt et al., 1996a Alt et al., , 1996b . Wide ranges in Sr isotopic composition as observed are expected of the variable low temperature alteration from heterogeneous fluid flow that occurs in high-permeability volcanics [Alt et al., 1996b; Kusakabe et al., 1989] .
[19] The Sr isotopic composition of the sheeted dikes at Pito Deep range from 87 Sr/ 86 Sr of 0.70252 to 0.70295 (auxiliary material Data Set S1 and Figure 2 ). There is no observed change in 87 Sr similar to average vent fluids at intermediate to fast spreading ridges suggesting that these epidote veins were precipitated after the fluid has undergone most or all of its Sr-isotopic exchange with the crust.
Mineralogical Controls on the SrIsotopic Composition of the Sheeted Dikes
[21] If the exchange of Sr between a hydrothermal fluid and the crust is dominantly controlled by the minerals forming in the rock then this would have to be accounted for in modeling the Sr-isotopic composition of the crust to better understand hydrothermal circulation. For example, Gillis et al. [2005] found that, compared to the protolith, samples from Hess Deep that contained epidote were elevated in Sr and in 87 Sr/ 86 Sr whereas those that did not contain epidote were depleted in Sr and enriched somewhat less in 87 Sr/ 86 Sr. The enrichment of Sr in rocks containing epidote can be explained by the high partition coefficient for Sr into epidote assuming that it grew in the presence of sufficient fluid to supply Sr. Seven of the sheeted dikes from Pito Deep studied here contain epidote. These are not significantly enriched in either Sr concentration or 87 Sr/ 86 Sr relative to the other samples (Figure 2 ). There is also no correlation of the modal proportions of chlorite or amphibole, or grain size, with 87 Sr/ 86 Sr. Likewise, the alkali elements that are commonly enriched in minerals that form at low temperatures, such as clays, show no correlation with 87 Sr/ 86 Sr. It is difficult in thin section to accurately assess the amount of secondary (albitic) plagioclase in a sample. Thus to assess the role of albitization in Sr-mobility we use bulk-rock chemical proxies for this process. There are no correlations between Na, Ca, or ratios such as Na/Y, Ca/Na and Sr concentration, indicating that albitization is not a factor influencing Sr behavior during alteration.
Data Analysis and Modeling
[22] With the data presented above there are now three areas of oceanic crust formed at intermediate to fast spreading ridges that the Sr-isotopic composition of the sheeted dike complex has been determined for: Pito Deep, Hess Deep and ODP Hole 504B. In this section we use these three data sets to address three questions: (1) How variable is the extent of Sr-isotopic exchange between hydrothermal fluids and the crust in these areas? (2) What range of time-integrated fluid fluxes through the sheeted dike complex do these data suggest? (3) Are these data consistent with fluid-rock reaction occurring within the recharge portion of the hydrothermal system? However, before addressing these issues we consider whether Sr behaves conservatively within the axial hydrothermal system, as has previously been proposed, or not.
How Mobile is Strontium During Hydrothermal Circulation?
[23] In order to use Sr isotopes to trace the fluidrock reaction we need to understand the controls on the behavior of Sr concentration during hydrothermal alteration. The concentration of Sr in mid-ocean ridge basalts (MORB) remains approximately constant during differentiation so that defining fractionation trends is not simple. We consider the variations between Sr and REE illustrated as Sr N /Nd N and Eu N /Eu N *, where concentrations are normalized to chondrite (N) and Eu N /Eu N * is the Europium anomaly which represents deviations in Eu N with respect to neighboring REEs, Sm N and Gd N . A primitive magma has Sr N / Nd N and Eu N /Eu N * of $1 and crystallization of plagioclase fractionates Sr from Nd, and Eu 2+ from Sm and Gd causing the Sr and Eu content of the melt to decrease relative to the other REE. Figure 3 illustrates the curved trend expected from magmatic differentiation between Sr N /Nd N and Eu N /Eu N *. Comparing Pito Deep samples to this magmatic differentiation trend allows assessment of the effects of magmatic differentiation and hydrothermal alteration on the Sr concentration of samples (Figure 3) . Hydrothermal leaching or precipitation of Sr is expected to result in vertical deviations from this trend due to the immobility of REE during hydrothermal alteration [e.g., Bau, 1991] .
[ Sr, indices of albitization such as Na, alteration degree, or assemblages. 2007GC001901 leached from the sheeted dike complex during hydrothermal circulation.
Geochemistry Geophysics
[25] Since there is strong evidence that Sr is leached from the sheeted dike complex during hydrothermal alteration we reconsider the previous interpretation that Sr behaves conservatively with the average Sr content of vent fluids matching that of seawater [Palmer and Edmond, 1989; Davis et al., 2003] . Figure 4 shows a compilation of Sr versus Cl data for vent fluids for the EPR and Juan de Fuca ridges. The majority of the samples follow the linear correlation observed by Palmer and Edmond [1989] where Sr behaves conservatively with Cl. However, samples at low Cl deviate from the linear correlation to higher Sr at a given Cl content forming a curved array. Additionally, samples from the Juan de Fuca ridge demonstrate that there are vents where the Sr concentration at a given Cl concentration is substantially higher than the curved trend defined by the majority of the data . Thus the mean Sr concentration of vent fluids is $40% higher than seawater consistent with the observation that Sr is leached from the sheeted dike complex during high-temperature alteration at the ridge axis.
Regional Characteristics of Alteration

Comparable Alteration of Ocean Crust
[26] The Sr-isotopic composition of the sheeted dike complex of modern oceanic crust formed at intermediate to fast spreading ridges shows remarkable similarity in the three areas that have been sampled to date ( Figure 5) (Figure 5b ) [Bach et al., 2003; Teagle et al., 1998a Teagle et al., , 1998b Alt et al., 1996a Alt et al., , 1996b (Figures 5a and 5b) . The observed similarity in Sr isotopic profiles through the sheeted dike complex exposed at three locations is important and surprising. This implies that sheeted dikes in young intermediate to fast spreading ocean crust at different locations with different initial Sr isotopic compositions (see section 5.2.2) are hydrothermally altered to the same narrow range in 87 Sr/ 86 Sr (0.7025 to 0.7033). This indicates that differences in spreading rate at intermediate to fast spreading ridges do not result in significant differences in the extent of 87 Sr/ 86 Sr exchange between hydrothermal fluid and ocean crust. 87 Sr/ 86 Sr in Altered Upper Oceanic Crust [27] To further investigate the striking similarity between the extent of Sr-isotopic exchange between the sheeted dike complex and hydrothermal fluids in these three areas we compare the amount of fluid required to produce the observed Sr-isotopic modifications. The composition of the protolith in each of the three areas is slightly different, Charlou et al., 1996] . Vent fluid data from EPR 9 -10°N are zero-Mg end-member fluids, a number of which have negative Sr; therefore the measured fluids would have higher Sr concentrations [Von Damm, 2000] . Data sources: Von Damm [1990 Damm [ , 1995 Damm [ , 2000 therefore closed-system water-to-rock ratio (by mass) has been calculated for all samples to assess the relative alteration from fresh crust [e.g., Taylor, 1977] . Initial-rock Sr concentrations and Sr-isotopic compositions for dikes from all three areas are given in Table 1 . We assume an initial fluid with 8 ppm Sr with an isotopic composition slightly modified (decreased by 0.0005) from seawater of the crustal age to account for exchange with basaltic Sr within the lava pile . The final fluid is assumed to have 87 Sr/ 86 Sr of 0.7038 to match average vent fluids. We assume here, and throughout, that Sr is not significantly taken up by anhydrite in the recharge zone depleting the fluid in Sr. If this assumption is invalid then the calculated fluid/rock ratios, and time-integrated fluid fluxes, will be underestimates. Teagle et al. [1998a Teagle et al. [ , 1998b Teagle et al. [ , 2003 ], Alt et al., 1996a Alt et al., , 1996b Bickle and Teagle [1992] . 
Quantifying the Variability in
Estimating the Time-Integrated Fluid Flux
[30] We use three approaches to model the timeintegrated fluid fluxes (in kg of fluid per m 2 of crust) responsible for pervasive fluid flow in the sheeted dike complex at Pito Deep, Hess Deep and ODP Hole 504B: (1) mass balance of closed system fluid/rock ratios; (2) one-dimensional fluid-flow (recharge) over a vertical profile with kinetically limited isotopic exchange between fluid and rock; and (3) one-dimensional fluid-flow (recharge) over a vertical profile with diffusive exchange of Sr-isotopes between the rock and a fluid confined to cracks. The results suggest that the minimum time-integrated fluid fluxes for all areas lies between 1.5 and 2.6 Â 10 6 kg m À2 . Sr/ 86 Sr = 0.70245 and Sr = 60 ppm [Schilling et al., 2003; Teagle et al., 1998a; Verma and Schilling, 1982] 2003]. If this is true the rock 87 Sr/ 86 Sr should vary systematically with depth in the crust because as a hydrothermal fluid passes through the crust it will progressively equilibrate with the crust and lead to progressively smaller changes in the rock composition. Thus the variation in extent of alteration with depth provides further information about the process of fluid-rock reaction. This kind of onedimensional fluid flow has been modeled for the oceanic crust under the assumption of kinetically hindered fluid-rock equilibration [Bickle and Teagle, 1992; Teagle et al., 2003] . We follow this approach here using the model of Bickle [1992; cf. Blattner and Lassey, 1989] in which the rate of exchange of Sr-isotopes between the fluid and rock is assumed to be linearly proportional to the difference in 87 Sr/ 86 Sr between the rock and fluid at all depths in the system (i.e., linear kinetics). The concentration of Sr in the fluid and rock are assumed fixed in this model. In this linear kinetic model the relative rates of advection of Sr through the system by the fluid versus Sr-isotope exchange with the wall rock is controlled by a dimensionless Damköhler number (N D ), with the N D increasing with increasing exchange rate.
Fluid-Rock Mass Balance
[33] Since this linear kinetic model includes mass balance, if the fluid at the base of the system is fixed to equal the vent fluid composition, assuming no fluid-rock reaction during discharge, identical time-integrated fluid fluxes are computed using this model as using the fluid/rock ratio. As an alternative approach to modeling the fluid flux we ignore the vent fluid composition and fit the rock data using this model. Using the same input parameters as previous studies (rock density is 2.7 kg m À3 ; fluid density is 1 kg m À3 [e.g., Teagle et al., 2003] ) the lack of significant variation in rock 87 Sr/ 86 Sr with depth requires a slow rate of Srisotope exchange that is approximated by a N D = 0.1. We kept this constant in all model runs for two reasons. First the lack of significant variation in the rock composition with depth in the crust means that the rock 87 Sr/ 86 Sr provides a poor constraint on this parameter. Second, keeping this value constant facilitates comparison of the time-integrated fluid fluxes between locations. The best fit of the model to the data was assessed by minimization Sr/ 86 Sr of 0.7084 due to reaction with lava pile for ODP Hole 504B , initial Sr concentrations of sheeted dike complex are 60 ppm, 87 Sr/ 86 Sr of fresh rock is 0.70245 [Verma and Schilling, 1982; Schilling et al., 2003] [34] Using this approach, the time-integrated fluid fluxes calculated for Pito Deep and ODP Hole 504B are similar to those calculated using the closed-system fluid/rock ratio ( Figure 7 and Table 2 ). The calculated Sr to the measured 87 Sr/ 86 Sr of anhydrite assuming these anhydrite formed in equilibrium with recharging fluids . The difference between the estimated fluid flux for Hess Deep and the published value [Gillis et al., 2005] is due to the higher exchange rate (N D ) used here.
[36] The misfit between the models and data provides insight into whether Sr-isotope exchange occurs solely during recharge as assumed in this Sr of 0.7084 due to reaction with lava pile for ODP Hole 504B . Initial Sr concentrations of sheeted dike complex are 60 ppm; 87 Sr/ 86 Sr of fresh rock is 0.70245 [Verma and Schilling, 1982; Schilling et al., 2003] Sr of fresh rock is 0.70245 [Gillis et al., 2005; this study] . Final fluid at base of sheeted dike complex is assumed to discharge without further modification to form vent fluids. Calculated final fluid compositions are within the range of modeling. If the misfits were randomly distributed with depth then this model would be consistent with the data but this is not the case (Figure 8a ). At Pito Deep the rocks are, on average, less altered than the model predicts in the top 250 m of the sheeted dikes and more altered than the model predicts at the very base of the sheeted dike complex. Unfortunately we have few samples from the base of the sheeted dike complex adding to the uncertainty in this conclusion. For Hess Deep the smaller depth range of sampling, and the paucity of samples from deep in the sheeted dike complex, makes it even more difficult to determine how well the model fits the data. The model fits the data reasonably well in the upper portion of the sheeted dike complex but samples from the base of the sheeted dike complex have higher 87 Sr/ 86 Sr than predicted by the model. The much larger data set, especially in the deeper dikes, for ODP Hole 504B allows much more rigorous testing of the model. For this sample suite the upper dikes are less altered than the model predicts and the deeper dikes are more altered than the model predicts (Figure 8a) . Using a N D of 0.2 to model the data from ODP Hole 504B as proposed by Teagle et al.
[2003] accentuates these systematic misfits. These systematic misfits suggest that the basic premise of this model, that fluid-rock reaction occurs homogeneously during one-dimensional fluid transport, is not valid.
[37] One assumption of the modeling presented in Figure 7 is that the rate of Sr-isotopic exchange between the fluid and rock is assumed simply to be linearly proportional to the difference in fluid and rock 87 Sr/ 86 Sr ratio. A more realistic model might be diffusive exchange of Sr from fluid filled cracks into the wall rock. Bickle [1992] shows that for high N D , the linear kinetic and diffusive models give the same result but at low N D (<1) the effect on the rock composition is significantly different. To test whether this can explain the misfit between the model and data we apply this model in the following section. rock composition with depth. An example of this kind of exchange mechanism is if fluid-rock reaction occurs around fractures where the alteration haloes around these fractures do not overlap. Tang et al. [1981] present an analytical solution to the equations describing the concentration of a tracer in the wall rock around a fracture through which fluid flows (i.e., fluid flow perpendicular to Srexchange). Bickle [1992] integrated this to obtain a solution (his equation (38)) for the average rock composition as a function of a N D equivalent to that discussed above. Bickle [1992] suggests that this model is more appropriate for tracing fluid flow when the fluid-rock exchange rates are low (N D < 0.3). We have modeled the variation in 87 Sr/ 86 Sr in the sheeted dikes with depth below the lava-sheeted dike transition in this way for all three areas. Table 2 ).
[39] These models fit the data better than the models presented above with little systematic change in the misfit between the model and data with depth in the sheeted dike complex (Figure 8b) . However, the fluid fluxes calculated using this approach are significantly greater than those calculated above leading to the fluid becoming less rock-dominated. The fluid 87 Sr/ 86 Sr at the base of the system can be calculated by mass balance to be between 0.7070 and 0.7076, substantially higher than vent fluids. Assuming these final fluid compositions are vented without further modification during discharge they are far too high in 87 Sr/ 86 Sr for this model to provide an accurate representation of the behavior of Sr in the axial hydrothermal system. Even leaching a small amount of Sr from the crust (Figures 4 and 5) cannot bring the fluid 87 Sr/ 86 Sr down to the range of vent fluids. Thus, unless there is a region of the crust from which Sr is leached substantially more than from any observed samples this model appears unsatisfactory.
Fluid-Rock Reaction During Discharge as Well as Recharge?
[40] Since neither pervasive, kinetically inhibited, fluid-rock reaction nor fluid-rock reaction around isolated channels appears to fit both the variation in rock composition with depth and the vent fluids compositions, we consider a third model in which fluid-rock reaction occurs during both recharge and discharge. This might be expected since the fluid is Figure 9 . Single crack model of fluid flux at (a) Pito Deep with data for the sheeted dikes and median ± 95% confidence interval for 100 m depth intervals, (b) Hess Deep with data for the sheeted dikes and median ± 95% confidence interval for 100 m depth intervals, and (c) ODP Hole 504B with data for the sheeted dikes and median ± 95% confidence interval for 100 m depth intervals. See Table 2 for N D and fluid fluxes. likely to be more reactive once it is heated near the base of the system [e.g., Fontaine and Wilcock, 2007; Coogan, 2008] . Because this model has more free parameters our aim is not to fit the data perfectly but rather to test whether the model is broadly consistent with the data. We use a pervasive flow model with kinetically limited exchange (linear kinetics) and assume that recharge and discharge of the fluid occur over the same part of the sheeted dike complex. Realistically, recharge and discharge would be expected to occur at different times in the axial history of the ocean crust, with recirculating hydrothermal fluids potentially affecting any profile of the ocean crust multiple times [Fontaine and Wilcock, 2007] . The model is constructed in two parts with the resulting fluid and rock Sr isotopic compositions from the recharging leg providing input parameters for the discharging leg and alteration of the sheeted dike complex occurring during discharge being additive to that accrued during recharge. On the basis of the idea that the upflowing fluid will be hotter and hence exchange isotopes with the crust more rapidly we use a N D = 0.05 in the recharge zone and N D = 0.08 in the upflow zone. Fitting the data from Pito Deep (Figure 10) Sr data for fluid derived hydrothermal minerals (0.7034 -0.7041 [Teagle et al., 1998b;  this study]) indicate precipitation from highly evolved fluids that would be expected to be associated with hot reactive fluids deep in the hydrothermal system or upflow zones analogous to the discharging leg of this model. There is no clear evidence for reaction during recharge of cooler fluids, perhaps due to limited fluid-rock reaction or overprinting.
Discussion and Conclusions
[42] There are three important conclusions from this study:
[43] 1. The remarkable similarity in the Sr-isotope profile recorded by the sheeted dike complex in three different areas suggests that fluid flow through the sheeted dike complex is surprisingly uniform. This is despite significant differences in the spreading rate and thickness of the sheeted dike complex. Additionally there are differences in the protolith composition, in particular plagioclase An-content, which might be expected to lead to difference in the reactivity of the crust but do not appear to be important (Table 1) . Neither does the extent of mineralogical alteration or dominant secondary phase appear critical (Table 1) .
[44] 2. The modification of the 87 Sr/ 86 Sr in both the sheeted dike complex and vent fluids are consistent with minimum fluid fluxes through the sheeted dike complex at intermediate to fast spreading ridges of between 1.5 and 2.6 Â 10 6 kg m À2 . Evidence for leaching of Sr from the crust into the hydrothermal fluid means that this is an underestimate of the true flux by between $0.2 and 0.4 kg m À2 . These fluxes ignore two potentially important factors. First, if significant anhydrite is precipitated in the recharge zone this could deplete the recharging fluid of Sr leading to a higher fluid flux being required for a given change in rock composition. Second, if a substantial portion of the fluid flux through the axial system is channelized this will not be recorded by the samples studied.
[45] 3. The lack of a significant change in the 87 Sr/ 86 Sr of samples from the sheeted dike complex with depth in the crust is inconsistent with all Sr-isotope exchange occurring within a recharge zone. This can be explained if fluid-rock reaction also occurs within the discharge zone.
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